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INTRODUCTION

In southern Alberta, intensive agriculture Is possible only on irrigated
land. Irrigated crops must be provided with adequate amounts of water, but
the periodic water shortages (such as in 1977 due to less~than-normal rain-
fall) and the expanding total area of irrigated land demand that water use
be made more efficient, Thus, the 1978 Oldman River Raport recommended that
irrigation scheduling programs be enlarged and improved to increase water use
efficiency. However, previous Irrigation scheduling services have encountered
difficulties because of the inability to adequately monitor moisture status
of crops. Since crop water requirements may differ from one field to another
as well as within fields, a complete soil moisture sampling program would be
very expensive.

Preliminary studies conducted in the U.S. (e.g. Millard ex al., 1973)
have shown that crop moisture stress may be detected by using airc¢raft remote
sensing data. The purpose of the project described here was to evaluate
whether remote sensing data can provide information that would be useful to

supplement ground observation in an irrigetion scheduling progranm,

DATA ACQUISITION

Fifteen farm fields with different crops (irrigated corn, alfalfa, fall
rye, potatoes, flax, and peas; unirrigated wheat, summerfallow, and native
range) were chosen for the study. Five small experimental plots, each con-
taining three water treatments and four veplicates, were also included. They
contained potatoes and carrots (at Cassils), cabbage and mustard (Duchess),
and faba beans (Rockyford):.

Two missions were undertaken by Canada Centre for Remoce Sensing (CCRS)

o June 21 and August 5, 1978. Each mission consisted of a day flight during
which colour infrared and thermal infrared imagery were simultaneously obtained,
and a night flight with only thermal imagery being collected. CCRS acquired
photographs at 1:4,100 for the irrigation plots and 1:50,000 for all situes.

Two additional flights were made on July 24 and August 18 by Kenting Air
Serwvices on a contract from the Alberta Remote Sansing Centre. They obtalned
day colour infrared photographs on a 1:2,500 scale from the irrigaction plots
and 1:10,000 scale for all sites.

At the time of each flighe, the ifrigation plots were sampled to determine
soil moisture gravimetrically. Twelve sites on each irvigation plot were sam-

plad, one for each of the 3 water treatments and four replicates. Samples from
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four depths (30cm increments) were taken at =ach sample site. At the time of
each CCRS flight, twelve to fifteen fields were sampled, while seven fields
were sampled at the time of each Kenting flight. Six sites were sampled in
each farm field and four depths (30cm increments) were taken per sample site.

The above sampling procedure thus produced approximately 1,800 soil moisture
samples during the experiment.

Soil texture was determined for each site, and both field capacity (FC)
and permanent wilting poiat (PWP) were derived from the soll texture and

avallable data (both published and unpublished). Using the above paramoters ! }
and root depths obtained from the Alberta Agriculture irrigation scheduling !
program, the amount of available water (Aw, in percent) was determined for ? g
e@ach irrigation plot and each of the six sites within the farm fields as ;
follows: :

an = T2 BE 100, (2)

where WC is the total water content in cm and all three variables refer to the !
roat zone.

L ST L S

In addition to soil moisture samples, ground colour infrared photographs
and normal colour photographz of the irrigation plots and farm fields were
taken at the time of each £light. Measurements of crop canopy temperatures
were also made with a portable radiation thermometer PRT-5 a number of times

during the summer.

3. DATA ANALYSIS

Colour infrared aerial photographs processed as positive transparencies
and thermal images in both analogue and level~sliced form were used {or the
analysis. Densitometric measurements of each sampled field site (on the small
scale photography) and irrigation plot (large scale photography) were made

using a Macbeth transmission densitometer TD-504, separately for each emulsion

layer.

4
}
)

Thermogram analysils was carried out in three steps. First, analoguc low
altitude thermograms were displayed on a density slicer and the individual
treatment /replicate combinations were ranked from coldest (=1) to warmest (=12),
separately for day and night data. An average rank value was then computed
for each treatment/plot (crop) /time (day or night) combination. Secondly,
the apparent temperature '"slice" was determined for each sampled site on the

low altitude (irrigated plots) and high altitude (farm [ields) Llevel-siicud




-3 -

thermograms. This procedure was cunsidered necessary because the level sliced
thermograms contained relatively coarse tempevature slices, particularly for
the daytime images. As the third step, regression analysis was carried out
using the farm fields data. For this analysis, average values were computed
for all sites within one field which were located in the same temperature
"slice'; emulsion densities and AW values were included in this averaging pro-~
cess. Results presented in the following section refer to data obtained on
August 5, 1978. These data were given higher priority because moisture stress
was more evident at that time.

RESULTS AND DISCUSSION

Figure 1 shows the plot of apparent temperature rank as a function of
available water. Each point is an average of four rank values (4 Feplicates/
treatment). The apparent temperature increased with decreasing available water
in the vange of 110 to 407. The relative response to changing moisture availae~
bility was similar for all crops studied and for both day and night measurements,
although its uniformity was lower for cabbage and mustard (Duchess site) than
for other crops. It should be stressed, however, that neither absolute tempera-
ture values nor the slope (sensitivity) can be derived from Figure 1.

Apparent temperature ranges of the five irrigation plots are shown in
Figure 2 for both day and night data., Night temperature values were lower and
had a low or no sensitivity to available water deficiency than the daytime
measurements. The absolute temperature ranges also differed between crops for
similar available water (AW) amounts, even for adjacent crops at che Duchess
and Cassils sites. Due to the coatrseness of the daytime temperature ''slices",
no final conclusions concerning the magnitude of differences caused by crop
cover and time of day can be drawn from the data. It 1s encouraging, however,
that the daytime temperature decreased consistently with insreasing AW contunt
for all plots. It is also of interest to note that the irrigation plots
apparent temperature levels were higher than those for large Uields ac compa-
rable soil moisture conditions. This might be due to advection effects but
the available data do net allow establishing the reason with certainty.

Only daytime temperature ranges of the farm fields were available for this
interim report. In Figure 3, these values were plotted against corresponding
available water contents for all fields. The data included irvrigated and dry-
land crops, rangeland, and a fallow field. The apparent temperatures exhibited

a general decrease with increasing water rcontent, but a considerable scatter is

L e
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evident as well. Energy balance considerations (Cihlar, 1976) as well as
previous studies indicate that surface cover - particularly the relative pro-
portions of green crop cover and bare ground - affects the surface temperature
measured by an iInfrared remote sensor. Previous remote sensing studies esta-
blished that the ratio of radiation reflected in near infrared and red portions
of the electromagnetic spectrum increases with increasing crop cover, There-
fore, we attempted to quantify the amounts of plant cover by using DRG which

is defined as the diffarence between CIR transparency densities of the infra-
red =~ sen§itive and the red - sensitive emulsion layers. A plot of DRG vs.
apparent temperature (Figure 4) showed a close direct linear relationship
between the two variables. Furthermore, the points were grouped into two
clusters which coincided wich irrigaced (negative DRG) and dryland (positive
DRG) sites. When the dryland sites were identificd in Flgurc 3, they were

found to be the highest apparent temperature values encountered. ‘In othec
words, the lack of ground cover caused apparent temperature increase due to

the increased exposure of bare soil. If oanly irrigated sites arc considered

in Figure 3, the relationship between temperature and available water is more
closely defined. The goodness of fit of the temperature-water content relation-
ship for irrigated fields (Figure 3) depends on the positions of three "outlier"
data points (at AW = <11, 17 and 91%) which must be decermined from more pracise
temperature data.

Relationships between remote sensing and ground variable were quantified
using correlation analysis. Mid~values of the temperature "slices'" were used
in lieu of apparent temperatures. The following variables were included for
all farm fields (a total of 18 data points):

DR = Density of the near IR - sensitive layer, dimensionless;

DG = Density of the red - sensitive layer, dimensionless;

DRG = Difference between DR and DG, dimensionless;
Tap = Apparent temperature (day value), °c;

AW = Available water in the root zone, 7.

The resulting correlaticn matrix (Table 1) shows that the apparent tempera=
ture was closely related to the difference DRG between red and green emulsion
densities, which is in turn affected by the amount of green cover above the
soil surface. The correlation between available water and Tzp was quite low
(=0.41). Correlation coefficients between Tap (dependent variable) and several
independent variables were high when DRG was used, and fairly low otherwise
(Table 2, data set DS1). The accuracy of predicting available water from Tap

did not improve significantly when DRG was also used, and increcased parcially
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after DR was added to the indepeadent variables (r = 0,47, Table 2). The low
improvement of the correlation coefficient suggests that DRG was only weakly
related to the available water, and therefore did not improve the AW predic~-
tion. Since a definite relationship between soil water available at a given
time and surface cover cannot be expected, variable surface cover would appear
to be an intrinsic limitation of plant moisture, stress determination through
thermal infrared remote sensing,

Due to various crop types and degrees of surface cover being present in
the data set and since the Tap values used were only approximate, an attempt
was made to remove some of the uncertainties by reducing the data set in two
ways. First, three seemingly anomalous points (at AW =~ =11, 17 and 917) were
ommitted to form a data set DS2 with 15 points. Secondly, irrigated fields
from data set DS2 were put into data set DS3 which therefore contained 9 points,
On the CIR transparencies, irrigated fields appeared to have a higher plant
cover, were shown in deeper red colours, and soil was visible relatively seldom
compared to the dryland fields. Correlation coefficilents for varilous relation-
ships were calculated for DS2 and DSJ ' in the same manner as for DS1.

The DS2 results were similar to those for DS1l. Some Improvements ocvurred,
but were not very large even after including DRG and DR values (Table 2). In
contrast, considerable improvement of AW prediction was found for DS3 (Table 3).
In this case, DRG and Tap together explained 707 of the total variability of
the AW values encountered in the irrigated farm fields data (r = 0.84, Table 2).

The above results were derived from averages of several soil moisture
samples per farm field and a relatively crude measure of the apparent tempera-
ture., Although additional data and a more thorough analysis will be required
to arrive at definitive conclusions, findings to data are consistent with the
following statement. In the presence of variable plant cover (primarily per-
cent cover) and variable available water content, the remotely sensed apparant
temperatures correlate closely with plant cover and poorly with soil water.

To the extent that plant cover is not systematically related to available soil
water, AW values may not be reliably predicted from the thermal infrared data.
On the other hand, if plant cover is uniform and the soil surface is shown in
a minor way, the thermal data indicate plant stress and consequently avallable

water in the soil profile.

FUTURE WORK

To provide definitive analysis and interpretation of the above (ndlentod

trends, the following tasks will be carried out:

A
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(1) Digitize daytime thermal infrared data for the 5 August 1978 flight
(11) Extract apparent temperature values for individual sampled sites
on both irrigacion plots and farm fields,
(111) Extract apparsut temperatures for the nighttime data from level-
sliced thermogivams.
(iv) Calculate day-night temperature differentials for 5 August 1978,
(v) Analyze the relatiorships between field data, thermal data, and
photographic density measurements.
(vi) Confirm the validity of the conclusions using data from 20 June
1978 over the same area,
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Table 1. Correlation matrix for data set DSl
(all data, 18 points), **

DR 1.00

DG 0.31 1.00

DRG 0043 "0.72 1.00

Tap -¢27 -0170 0.86 looo

AW -0.33 -. 14 -0.37 ~0,4) 1.00
DR DG DRG Tap o

Table 3.

** 0,01 significance level: 0.58

Correlation matrix for data set DSJ
(irrigated fields only, DS3)**

1.00

0.81 1.00

0.08 -0.08 1.00

0.22 -0.05 0.52 1.00
-0.06 -0.01 -0.28 -0.80 1.00

DR DG DRG Tap AW

** 0,01 significance level: 0.62
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¢
Table 2. Correlation coefficients between available soil

water and remote sensing variables for three

data sats.
CORRELATION GOEFFLCLENT
VARIABLES FOR DATA SET +
DEPENDENT |INDEPENDENT DSl D§2 DS3
T AW 0.41 0.54 0.80
ap # 3
Tap DRG 0.86 0.82 0.40 1
Tap AW, DRG 0.86 0.89 0.87 ‘
Tap AW,DRG, DR 0.88 0.89 0.88 ’
AW Tap»DRG 0.41 0.55 0.84
AW Tap,DRG, DR 0.47 0,57 0.85
N o= 18 N =15 N=9

+ Data set DSI1: All data (18 points)
+ Data set DS2:  Outlier poilnts excluded (15 points)

+ Data set DS3:  Only irrigated fields of data set 2 (9 points)

b
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A Night Infrared Thermal Analogue [mage (As Seen Under A Density Slicer)
of A Faba 3ean Irrigaticn Plot and Surrounding Area
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SOIL WATER CONTENT ESTIMATION IN
FALLOW FIELDS FROM AIRBORNE
THERMAL SCANNER MEASUREMENTS

by J. Cihlar

Applications Division,
Canada Centre for Remaote Sensing, Ottawa

T. Sommerteldt

Agriculture Canada, Research Station, Lethbridge

and B, Paterson

Alberta Agriculture, Irrigation Division, Lethhridye

SUMMARY

The purpose of this study was to “determine if the relutionship between diurnal
surface temperature variations and near-surface sod water content may be used to
determine soil water content from airborne measurements. Four flight mussions
with thermal infra-red und photographic sensors were conducted over an
agricultural area in Southern Alberta durineg clear skv diurnal periods. Soil water
content simples expressed in percent of field capacity (PFC), “igitized thermal
infra-red imeasurements, apparent temperatures at samples sites, and day minus
night temperature differentials LT, were obtained. Resulls confirmed the existence
of un inverse linear .. T, vs PFC relationship under the experimental conditions,
with near-surface water content generally the most important ground variable deter-
mining LT, The T, vs PFC relationship was not improved by considering diurnal
air temperature fluctuations, but did show various degrees of improvement when
apparent radiances [rom the visible spectrum were included.

INTRODUCTION

Soil moisture is a very important parameter in studying, monitoring and modifying the
hehaviour of various land ecosystems (ldso et al, 1975a). The methods developed for its
measurement can be divided into two groups (Cihlar and Ulaby, 1975): contact or direct
methods which provide moisture estimates for a soil segment specitically examined or measured,
and non-contact (or indirect) methods which do not require in situ measurements. The contact
methods are costly when implemented over large arcas, compared 1o non-contact methods
(water balance and remote sensing approaches) which are less expensive and are therefore ol
primary interest for lareeseale, operational sotl monsture montoring. The potential advantave
of remode sensing approach 1s that every ground clement is covered so that there is no need tor
interpolations or assumpuons about the spatial variation of meterological and ground
characteristics.

Three remote sensing technigues appear potentiaily suitabie for satellite applications: ther-
mal infra-red, active microwave, and passive microwave (Cihlar and Ulaby, 1975). The prin-
ciples involved in the thermal infra-red method have besn described by Idso et al (1975b), Idso
and Ehrler (1976), Reginato ot al (1976), Schmugge et al (1578) and Cihlar (1976). For bare soils,
it was determined that the difference between maximum and minimum surface temperature dur-
ing ¢lear-dav diurnal periods, .\ T,, was inversely related 1o the soil water content inthetop 2 1o 4
om oot the sonl, The refanonship varied with sotl texture, but when sorl water content was ¢
pressed i mateis tension, sorl texture was not a factor (Ldso et al, 1975b),
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Since the surface temperature vs near-surface water content relationships established during
controlled ground experiments were very promising (correlation coefficients exceeding 0.8 were
obtainea by Idso et al, 1975b), they were considered as a possible model for suil moisture
monitoring from space. It was felt desirable to evaluate the effect of varying field and en-
vironmental conditions on the soil surface temperature — water content relationship. During
1976, the Canada Centre for Remote Sensing (CCRS), in co-operation with the Canada Depart-
ment of Agriculture (CDA) and the Alberta Department of Agriculture, condugted an airborne
experimeni to determine how well the relationship holds over a larger agricultural area, what the
effect of soil texture is on this relationship and how it can be removed, and if the estimation of
soil moisture content could be improved by employing additional remote sensing Jata.

MATERIALS AND METHODS

The study was carried ou. along an east-west line 32 km long south ol Lethbridge, Alberta;
approximate co-ordinates of the site centre arc 49°27 "N, 112°42 "W, The site is in an
agricultural area and includes irrigated and non-irrigared land. Four airborne missions were
undertaken (Table |) composed of one flight in the early afternoon and another after mudnight,
except for Mission 2 which was delayed (day flight) and aborted (might thight). During cach
flight, thermal infra-red line scanner data (Cihlar and Brown, 1977) were obtained with a 1.7
milliradian (Mission 1, 2, 3) or 2.5 milliradian (Mission 4) sensor. In addition, multi-band or
colour film photographic data were also acquired during daytime flights (Table 1). Multi-band
photographs were processed as negatives and the colour film as a positive.

Twenty-four fields were selected along the flight line. During Mission | and Mission 4,
nearly all fieids were fallow. For Missions 2 and 3, twelve ficlds were fallow, one planted with
flax and the remaining eleven were nlanted with barley. In cach field, sites were located near the
road for repeated sampling during each mission. Figures 1(a), (b) and (¢) show a typical fallow
field during three missions. Samples were collected from two sites within cach tield (Figure 2)
for gravimetric soil mossture determination. At each site, samples were taken at four depths
(0-2, 2-4, 4-1G and 10-20 cm) from two locations five metres apart; the number of sub-samples
varied with depth. Sampling usually commenced at 10:30 iocal Solar Time (L3T) and 22:30
LST and lasted four hours. During the afternoon sampling, vertical and oblique ground
photographs were taken and plant weight, percentage of straw cover at the surtace, and surtage
roughness were also determined. Apparent temperature measurements were made for eight
fields with a PRT-5 radiation thermometer held vertically at one metre above the surtage.
Within several days of Missions 2 and 4, undisturbed soil samples were taken from the 0-S¢m
anc 10-15¢m depths of cach field and used to determine buik density values tor idividual lavers
through interpolation. Undisturbed cores, 1Scm long, were extracted from sy tiekds represen-
ting the various soils along the test site. In addition, disturbed samples were (aken from cach
field and analyzed for particle size distribution and sait content,

Soil moisture characteristic curves in the tension range 0 to SO0, a 18 bar water content
and buik density were obtained for each undisturbed core. Correlation matrix hetween sand,
silt, clay, and 0.33 bar percentage showed that the best predictor for the 0.33 bar water content
for the soils involved (assumed to equal field capacity) was the amount of sand 0.2mm —
2.0mm). The amount of clay reduced the remaimning unexplained variahility insignificantly.
Therefore, the following regression equation was computed:

FC = 0.4022-0.00254S, o
rP=0.725,n=7+5¢ =002g/cm’

where S is the amount of sand in percent for each field.

An inspection of calculated soil water contents indicated that, contrary to both theory and
experimental results obtained during clear sky diurnal periods (Jackson et al, 1976). nighttime
water contents were sometimes lower than those in the afternoon for the same sites. This
discrepancy was probably caused by inaccurate depth measurements of the top layers at night, as

moisture content increased with depth in all cases. For this reason, night moisture measurements
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were used only if they were higher than the corresponding afternoon values. To obtain site
moisture values for cach layer, the afternoon and night measurements were averages; subse-
quently, the two locations within the site were averaged. Cumulative water contents for 0-2¢m,
0-dcm, 0-10¢m and 0-20em were calculated by weighted averaging. These water contents were
converted to PFC values using Equation (1).

Proportions of bare ground (PB), straw cover (PPS), and plant canopy (PC) were compiled
from in situ estimates, vertical ground photos, and oblique ground photos; both visual estimates
which were repeatable to within about 10% and photographic density slicing (where po sibie)
were emploved to obtain the photo estimates. Plant heights (PH) were measurad in the Tield,
Table 2 gives ranges of these variables for Missions | 1o 4, Photographic densiiies (D) were
measured for each site at each photo of the four bands (Missions |, 2, 3) and converted to ap-
parent radiances R,, using Equation (2):

R., (band) = 10” (hand) (2)

Similar site density measurements were made on colour film tor Mission 4, escept that -
dividual emulsion layers were measured using the neutral, blue, green and red filters of a spot
densitometer, Since the film was a positiverD was the exponent used in Equation (2). To reduce
density variations due to both sun/surface cover geometry and vignetting, density measurements

of each site were made on two to four photographs (possible because of overlap of adjacent
frames) and the readings were averaged.

For analysis, airborne thermal scanner measurements recorded during the flights were con-
verted to digital form (236 levels). Since the lower and upper scanner refcrence signals were also
digitized, accurate apparent temperature vzlues could be obtained. The digitized .ata were,
displayed on the CCRS MAD/MICA image processing system, Using software-controlled cur-
sor and known distances from landmarks (¢ sampled sites, a Sm x 10m rectangle was positioned
over each site, and apparent temperature statistics (mean, standard deviation) were computed
for pixels within the rectangle, The same procedure was repeated for all sites on both alternoon
and nighttime imagery. The maximumeversus-minimum surface temperature ditference for a
site LT, was then obtained by subtracting the two means.

Table 2

Ranges of Ground Variables for Fallaw Fields*

Ranges of**

Mission  No. of Data PEC Values A1 Depths PS PR rnm PC

Points 9-1 04 0-10 0-20 ("9 (rn wmi ")
1 43 2.2 435S 61.9 758.3 10 100 0.0 0.0
706 73.0 112.6 127.4 70.0 92.0 9.0 10.0
2 24 109 148 13.0 42.7 150 400 0.0 0.0
546 56.2 64.5 849 60.0 85.0 15.0 15.0
3 24 106 26.9 §8.2 697 10.0 5.0 0.0 0.0
29.5 459 75.4 948 63.0 90.0 17.0 230
4 48 131383 47.1 94 0.0 0.0 0.0 00
67.9 746 110.6 122.3 82.0 100.0 6.0 100 .0

*One MNax fietd included for Missions | and 4

Sohor each tem, the masvimum value s placed below the minimum s alue

Legend: PS = perientstraw
PC = percent plant coner

PY - percent hare surface
PH — plant height
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RESULTS AND DISCUSSION

Data from each mission were analyzed separately because of the time delay of Mission 2
(Table [) which apparently obliterated the temperature response 1o soil moisture, and problems
with absolute calibration of one reference plate which occurred Juring Mission |,

Fffect of Soill Water Content

Figure J shows the relationship between the Jay minus might surface temperature differens
tal (AT, and soil water content in the top 2om expressed in percent of Gekd capac oy (PEC) Tor
Mission 1. Although the wverse linear retombip was clearly detined, appreciable scatter of
data points ogcurred along the AT, axis. Whaig the scatter was enhanced by pounis i the upper
right and lower left positions representing cnly theee fiehds, it would exist even if these fields
were ignored. The differences between fields appeared real because site variability was relatively
small; the within-site standard deviation of apparent temperature was typally less than 1°C,
The scatter may be partly attributed to uncertainties in soil moisture determination, since the
average within-site standard deviation of PFC values was 8% and the additional uncertainty in-
troduced by Equation (1) was of similar magnitude.

The LT, 08 PFC (0-2cm) plot for Mission 3 s shown i Figure 40 Al fallow tiehds weie dey
as evidenced by the narrow range of PFC values. However, the spread of temperature difterens
tials was larger than for the other missions, Mission 4 data (Figure $) exiubied a well detined in-
verse linear relationship between LT, and PFC (0-2¢m). The scatter in the (LT, direction was of
similar magnitude as for Mission 1, i.¢. the scatter was larger at lower PFC values (the two data
points near T, = [$°C represent a flax field). Compared to Mission 3, Mission 4 values were
lower by a constant offset (6°C) as both caleulated linear regression lines had a slope of
<0.13°C/ 17 PFC.

Correlation coefficients r between PFC and LT, for mdividual missions are shown in
Figure 6 and with the exception of Mission 3, r values were highest 1or the top layer (0=2om) and
decreased with depth, The low Mission 3 ve've was probably due to the narrow PEC range, as
correlation coetficients for deeper layers weon .milar (o those from other missions. Secondly, r
values for the O-d¢m layer were consistent ' oughout the season and almost as high as for the
0-2¢m layer. Correlation coefficients for - ., lavers improved when Mussion 3 and Mission 4
data were combined, possibly due to a wider i ~age of PFC values and a higher slope of the com.
bined data set. Correlation between T, and PFC of deeper layers was generaily low and in-
consisteni, thus suggesting a poor response of surface temperatures to water conients in Jeeper
layers.

Fffect of surface Coveron T,

Figure shiows absolute values of correlaton coethigients betwoen b amd groumld
vanables measured for fallow fields. Singie and multiple correlation coctticients are given tor
individual and combined (3 + 4) missions and two lavers, 0-2em and 0=dum. With the exception
of Mission 4, near-surface soil water content was (he most important sariable. Mission 4 aas
flown shortly atter harvest, and large portions of ficlds were covered with a mulch of fresh straw
($0%% of all ticlds had straw cover of 60% or higher); thus tactor was probabiy responsible tor
the high correlation, Compared to Figure 7, correlation coefficients for PB, PH, PC and PS
would change (0 0.31, -0.19, -0.32 and -0 30 respectively if the MNax field dary were omitted
from Mussion 4. For Missions | and 3, the straw mulch did not have a sigmibicant eliest on
measured ZT, values.

Multiple linear regression calculations indicate (Figure 7) that -». surface parameters tested
accounted for approximately J0% 10 85% of total AT, vanability depending upon Jata set; Mis-
sion J surface laver was the lowest with only 8% of AT, explained.

Only marginal improvements of multipie correlation coefficients were obtained after .
cludging surface cover descriptors (Figure 7). Mission 4 was the exception to this trend, as the
proportion of dare ground (closely relatea 10 PS) increased the correlation coefficient subsian-
tially.

The effect of surface roughness was detected only with the PRT.S. A senes of
measurements made in September 1976 showed 3 Jefinite inverse relationsiup between the
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surtage-air temperature Jrctgerential and ol monture (top 2om). he hines 1or individual Hehds
had an dentical slope but were dosplaced vertically over a 4°C range. A comparnson of surfage
roughness estimates for individual measurements indicated thai smooth surfaces exhibiied
higher temperatures for equivalent water contents than rough suefaces. [ appears that this offegt
was related 1o the sunbight shadow ratio as deternuned by the solar zemith angle. The efledt was
not evident in the airborne data, probabiy decause ail faliow fields appearad equally rough toe
the s¢lected cursor size

The comntently gh AT, sensitv ity 1o near-sinr fage sotl water Content is ¢ngouraging,
teularly singe 0 persisted under matieal comditions encompassing  various sk, s baee,
roughingss, straw cover and (O some Jaient green vegetation conditions, Reasons tor the low
multiple correlation coefficients are not clear. Atmospheric or sensor effects may be excluded
because the Might line was relatively short and the analysis was carried out for each mission
separately . One reason mught be inaccurate ground cover data, 1t should be noted, however, that
apparent temperatures did not change substantially outside of the Smox 10m rectangles
delineated at cach site as determuned by enlarging ihe rectangle (o Sm o« J0m, Althoagh the
standard deviation igreased somewhat, the mean value seldom vared by more than 170, s
suggests that the surface conditions over a larger area were similar (0 those at the sampled sites,
and thus the single set of ground cover estimates per field should be adequate. Another possible
reason for the low multiple correlation coefficients shown in Figure 7 is the uncertainty of sonl
moisture esiimates discussed previously. [ this explanation 1s valid, it will imply better AT, vs
PFC ccerelation than indicated in Figures 3, 4 and §.
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Effect of Soil Texture on T,

Correlation coefficients between " T, and two measures of soil wa'er content, percent of
feld capacity and volumetng water content are given in Table 3 Soul i cture was Jlay loam (8
ficlds), clay (R), foam (), and sandy chay Toam (40 A decrease of ©ovames tor all Cases i esndem
The “ditterence’ column i Fable 3 idicates that an additional § 10 20% of the tonal sanatviny
in the AT, ve soil water content refationship could be expratned when PHC was tsed as the sonl
water parameter.

Table 3 suggests that about an additional 15% of the total varabiiny could e aceounted
torwith PEC as the sond water content parameter. Considenmg that ths fraction would ingrease
further for 3 wider range of soil textures, it appears that the use of a tenvion-related measure of
soil water for the thermal emission method 1s unavordabie. This is not necessarily a disadvantage
SInge tension is a better indicator of soil water behaviour than water content; however, the use of
a LT, vs envion relatiomship would require the development of accurate prediciive models.

Stability of the JT, s PFC Relationship

A single, time-invariant soil water vs LT, relationship would ideally be required for deter.
mining s0il motsture remotely from thermal emission measurements. Since air temperature has a
significant effect upon surface temperatures, temporal variations of aie iemperatures ingrease
the cneertanty of sonl water prediction. A procedure For remon g e temperatit e ettevts iam
measured AT, values was developed by Fdso et al (1976) and used by Allaed ¢t al (197%)
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Tabie )

Ellect of Soil Texture On T v sonl W ater Content Relutionship

Mission Depih Correlation Coellicwentr Mlference in

(cm) (I e 4 1§ o .m) *a)

I 0-2 -0 60 -0 48 o

N-4 -0 8 -0.17 o

) 0-2 -0.23 -0.07 §

0-4 -0.57 0,26 w

4 0-2 -0.68 -0.62 S

0-4 -0.64 -0.52 4

1.4 0-2 -0.7° -0.72 ?

0-4 -0.72 -0.62 13
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Figure §
Diurnal soul surface temperniure differential T, as a function of water contentin top Jom of fallow fields
Mission 4, Sepiember 1976
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Fable 4

Dinrnal A Lemperature Dilferentials 1 and
Regression Parameters for | heee Missions

Mission A, Regression® Hetween 0, and P52C (0 20m)
*C) Intercept Slope
*C) CCA% pr ()
| 15.0 J6 8 0179
3 17.0 e =0.13
4 21.0 21.22 -0 128

*Equation has thy arm

LY, = Intercent » (Slope) (PFC (0-2)

It involves calculation of normalized T, as follows:;
) oT,
——Tu = ._' HTﬂno
i
where _T, 15 the ditference between maximum and minimum air temperatures for the diur
period of interest, and LT,, 1s the normalizing air temperature ditferential chiosen as 18°C in

reterences quoted above. When applied (o data heren, the normalication should result a2 me
ing the three regression lines into one.
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Table 4 gives slopes and intercepts of the T, va PEC (0-2cm) relatnonships and AT, ob.
taned as averages from surrounding meteorological stations for Missions 1, Y and 4. Singe
Equation (3) should hold for all PFC values including 0%, the ratio ol intercept to AT, should
be constant tor the three missions. Howeser, this ratio vanied between 13 (Mission &) and 2.8
(Mission 1) for data in Table 4. Consequently, use of this equation would ingrease rather than
reduce the differences among individual missions

Assuming Equation (3) 0 be sound, discrepancies among individual data sets must be
related to environmental conditions affecting the measurements or to the thermal scanners used
The high slope and intercept values 1or Mission | probably were due to faulty absolute vahibra.
ton of the high temperature range which was detected durmg poscamission tests. Although
withinsmission compansons reman vahd, comparnmg results 1o other missions would not be
warranted. On the other hand, scanners for Missions 3 and 4 were cabibrated and the discrepan-
¢y between the data sets must be retated to enviconmental conditions. Grraphae and statistigal
analyses consistently showed that straw mulch cover was not responsible tor the lower intereem
of Mission 4. The atmosphere was somewhat hagsy prior to the afternoon theht winch could
reduce the solar energy input and consequently lower surface emperatures somewhat. Also, the

FALLOW FIELDS ®  Mission |
RAYMOND, ALBERTA ¢ Mision 3

® Mission 4

A Mission 3+4

— 0-2c¢m Layer
= = Q-4c¢mLayer

101

Q-84 /

, "
06 V4 4

CORRELATION COEFFICENT r

P8 oH e PS PFC (PFC4PS) (PFCHPS+PB)
GROUND  VARIABLES

Figure *
Single and muitipie correlution coefficient yvalues between the diurnal soil saurface temperature ditferential

I,and vanous ground vanubies: PR = percent hare ground, PHE =« plant hegho omi 1PC o« percent plant
cover, 'S = percentstruw cover, PRC = percent Lield capucity
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wind was togher prooe to and dorimg Stssion $ 250m ) than tor Alission Y CEIShm ), Nevers
theless, these tactors do not appear to explam sutticiendy the 7°C ditterence momiercepts. In
fact, the Misston 4 intercept should be abour 28% higher for the AT, values given in Table 4 i
order tor Lguation (3 1o elimmate ditferences between the mssions, Sinee duenal e
emperature extremes were consistent tor all surrounding meteorological stations, they do not

appear to be the cause of the discrepancy.

One reason for the observed lower intercept value for Mission 4 may be solar radiation. The
solar noon zenith angle was 25.6° for Mission 3 and 45.77 for Mission 4. Since solar radiation
incident on a horizontal surface is directly proportional to the cosine of the zenith angle, about
25% more radiation would be received during Mission 3. 1tis worth noung that the Mission 3 in-
tercept was 21% higher than that for Mission 4. The zenith angle explanation does not account
for increasing the discrepancy between intercepts by applying Equation (3), however,

Elfect of Reflected solar Radiation

Figure 8 shows absolute values of single and multiple correlatnion coetficicnis between PFC
(0-2¢m) and remote sensing measurements, Bl through Bd represent apparent radianees tor
bands | through 4 (approximate wavelength ranges: Bl = 0.38 10 0.47 micrometres; B2 = 0.47
10 0.59 mucrometres; B = 0.59 10 0.71 micrometres, B4 = 0.71 to 0.95 micrometres) deter-
mined as described under Materials and Methods. Correlation between PFC (0-2em) and ap-
parent spectrai radiances was stanstically significant for Missions 3 and 4 (P <0.01), but was net
consistent as evident from Mission | data. Since the surtace soil of practically all ticlds was dry
curing the missions, the correlations for Missions 3 and 4 should be due to the relationship be.
tween surface cover and near-surface soil moisture. This was contirmed by multiple correfation
analysis between PFC (0-2¢m) and surface cover parameters which resulted in r values around
0.6 for Missions Yand 4.
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Results shown in Figure 8 indicate that the addinon ot radinee data mproved the accunay
of sotl moisture estimation. The degree of improvement varied trom hagh (Nisvion 3) (o neglha-
ole (Mussion 1), Due 1o bilm dedferences between Muosions 3 oand 4, thare apparent raduinees
could not be combined. Since the soil water content range foe Mission 3 was rather narrow, Mise
stons | and 4 are probably more characteristie of the improvements i predictive aveuragy that
may result fromancluding visible bands data. it encouraging that the rovadues tor the combina
ton involving the band ratio were almost as high as tor the actual values because ratios do not
require data with absolute calibration. Considerning the relatively crude measurement techmgue
used to obtain the apparent radiance daa, the results shown in Figure 8 should be treated with
care. Evidently, some improvement of the predictive accuracy is possible, and a detailed study of
this problem should be undertaken,

S

MMARY AND CONCLUSIONS

A study of the relationship between diarnal surface temperature variations and near-surtage
soul water content yielded the tollowing results:

1) Under clear shy condition, an inverse linear refationshup existed between the day minus
might surface temperature differential (LT,) and soil water content expressed in pereent
of field capacity (PFC) in the top 2 to dem of soil.

2) With the exception of the post-harvest Mission 4, near-surface water content was the
most important ground variable, even under considerable straw mulch cover

3) The variability of LT, vs soil water relationship was reduced appreciabiy when soul tex.
ture was taken into account.,

4) The temporai stability of the PFC vs AT, relanonship did not improve when diarnal air
temperature Variations were (ahen into aceount.

§) The relationship between PFC and AT, improved 1o various degrees when apparent ra-
diances from the visible spectrum were also included, correiation coetticients ap-
proached 0.8 (0.7) for the top 2cm (4¢m) of the soil, respectively.

Results of this study indicate that the diurnal surface temperature vanations vorrespond
fairly closely to near-surtace water content in fallow fields with various straw mudch, roughness,
soil texture and seasonal conditions. Effects of other variables (surtace siope, vanable cloud
cover) have not yet been examined. Future studies should include such variables, attempt to
maximize the accuracy of soil water content prediction by using additional remote
measurements, and development of a ume-invariant, generally appheable predictive algorithm,
If these problems are successtully solved, the thermal emission techmque snould become a usctul
tool for routine sotl moisture surveys of fallow ficlds.
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